Every year large quantities of peanut shells are disposed of due to a lack of uses for these materials. The current research focuses on utilizing fibers from peanut shells for use in nonwoven fabrics. This required creating a method of obtaining fibers from the shells, which was not highly time intensive. Once fibers were obtained they were characterized and formed into nonwoven fabrics via wet laid web formation and latex bonding, although other methods of web formation and bonding were attempted. The fibers were determined to be weak yet stiff, in comparison with other textile fibers. The resulting fabrics were evaluated for strength, light transmittance, and water resistance, to determine their suitability as erosion control fabrics. The results were compared to those for commercial erosion control fabrics. The peanut fiber fabrics had some similar properties to the commercial fabrics, which indicate that these fabrics may be suitable for this purpose.
INTRODUCTION
Peanuts are one of the leading food crops produced in the United States today. Approximately 4.26 billion pounds of peanuts were produced in 2001 [1] . Most peanuts are separated from the shells or hulls prior to processing into value added products. The shells, which are biodegradable and absorbent, can be utilized as animal food filler, absorbents, or carriers for pesticides or fertilizers, although they are often landfilled [2] . One positive aspect of these hulls is that they can be obtained for approximately forty dollars per 909 kilograms (ton), which provides an incentive for exploring the possibility of obtaining fibers for use in nonwovens [3] . If fibers can be successfully obtained at low cost from these hulls it would provide the nonwovens industry with a low cost source of raw material.
The hulls consist of a fibrous skeleton, which supports a cellulosic layer, as depicted in Figure 1 . The fibers range in length from 0.64 centimeters (cm) to 6.4 cm. No research concerning the utilization of peanut hull fibers has been discovered, but a method of removing the fibers from the hulls was patented in 1982 [4] . This method involved milling the hulls with a rod mill and then separating the fibers from the outermost part of the shell, which can be up to 5 cm in length, from fibers of the inner shell area, which are much shorter and resemble wood pulp [4] . Fiber separation is achieved by passing the mixture of fibers and hull particles obtained after milling through an electrostatic field [4] . The longer fibers are attracted to a charged cylinder, which makes separation of the longer fibers from the shorter fibers and hull fragments relatively easy, as the fibers can then be collected from the cylinder with a nonconductive blade [4] . No additional references to this patent or collection of fibers from peanut hulls have been discovered.
Current research has focused on alternative methods of separating the peanut fibers from the hulls and shorter fibers, characterizing the fibers, creating and characterizing nonwoven fabrics containing these fibers, and determining possible end uses of such a fabric. These fabrics were also compared to commercially available erosion control fabrics for determination of their utilization for such a purpose.
Erosion control materials are substances, usually consisting of woven or nonwoven fabrics that are utilized to stabilize the soil. The materials are placed on denuded grounds, usually slopes and hills, to prevent erosion until vegetation can stabilize the soil. Stabilization may be required for six months in the case of desert environments up to two years in more temperate areas. Ideally, as the vegetation takes hold the erosion control material will biodegrade so that no material removal is necessary.
EXPERIMENTAL PROCEDURES
Peanut hulls, with the peanut removed, were supplied by AgTech and Birdsong Peanuts. The hulls were crushed with the use of a Legend rod mill with a 20.3 cm diameter and a 25.4 cm depth rotated by a U.S. Stoneware roller. A total of twenty-three rods were contained in the mill, nine of them had a diameter of 1.9 cm, eight with a diameter of 1.6 cm, and six with a 1.3 cm diameter. The peanut hulls and rods were rotated for ten minutes at a speed of 54 revolutions per minute. After milling the hulls were reduced to fibers, flat particles of the cellulosic layer, and dust.
To separate the fibers from the debris a device utilizing air currents was constructed from foam core and fiberglass screen. Fiberglass screens with 0.16 x 0.16 cm square openings were stapled to the bottom of 0.48 cm thick foam core frames that were 30.5 x 30.5 cm in size. Two such frames with screens were constructed and stacked, with one frame and screen on top of the other. A cylindrical piece of plastic 40.6 cm in length and 20.3 cm in diameter and open on both ends, was fashioned from a plastic bag 76 micrometers in thickness, manufactured by Sunbelt Plastics. This piece was secured to the top screen with duct tape so the cylinder projected above the frame. The fiber and debris mix was placed in the plastic cylinder. Another piece of plastic, similar to that used to create the inner cylinder, was used to cover the cylinder and extend above it by 61 cm. This enclosure was attached to the perimeter of the top frame with a continuous piece of duct tape so that air or fibers could not escape. This device was supported on its perimeter by wood blocks that lifted it high enough so that a Jilbere "Cool Shot" hair dryer could be inserted under the bottom screen. The hair dryer, on the highest cool setting and placed under the area enclosed by the plastic cylinder, provided enough air flow to lift the peanut fibers over the inner plastic wall, at which point they fell to the screen below. The bottom screen was utilized to catch any peanut fibers that slipped through the top screen. After fiber separation the plastic covering was removed from the apparatus and the fibers collected. A depiction of this process is provided in Figure 2 , while Figure 3 depicts an average peanut hull fiber.
After separation, the fibers were manually wet laid into webs via a 20.3 x 20.3 cm sheet former consisting of metal screen with 0.16 x 0.16 cm openings. Three webs were created in this manner and allowed to dry at ambient temperature for seventy-two hours. Figure 4 depicts a peanut fiber web prior to bonding.
The webs were bonded with the use of Air Products Airflex 100HS, a vinyl acetate ethylene polymer with a glass transi-
Figure 1 FIBROUS SKELETON OF A PEANUT SHELL

Figure 2 ILLUSTRATION OF APPARATUS USED TO SEPARATE PEANUT FIBERS FROM HULL REMNANTS
Figure 3 AVERAGE PEANUT HULL FIBER
tion temperature of 7ºC. The latex, at 18.5 percent solids was sprayed on to the webs with a hand held Wagner electric paint sprayer. One side of each web was sprayed for twelve seconds, after which the webs were passed through a 2.4 meter long Tsuji Senki Kogyo through air oven at 142ºC at a speed of 0.38 m/min. After the initial bonding the fabrics were flipped so that the reverse sides could be bonded under the same conditions to result in a thoroughly bonded fabric.
To obtain the fiber properties, two hundred fiber specimens were mechanically characterized after conditioning for twenty-four hours at 20ºC and 65% relative humidity. The specimens, with a 2.5 cm gage length, were tested according to ASTM D3822-96 with an Instron Model 1125 interfaced with an IBM Personal System/2 Model 55 SX computer equipped with Labvantage Series IV software. Fiber tenacity, strain, and modulus were recorded.
Fabric characterization consisted of basis weight, thickness, light transmittance, moisture transmittance, and tensile strength and elongation. Basis weight was obtained by measuring the mass of each fabric and dividing by its area, giving a total of three basis weight measurements. Thickness was measured with a Randall & Stickney thickness tester with a 3.2 cm diameter presser foot. Five readings for each specimen were taken, for a total of fifteen measurements.
Light transmittance was measured according to AATCC 148-1984 Light Blocking Effect of Curtain Materials. The light source, a 75 Watt incandescent bulb rather than the 300 Watt tungsten bulb in the test method, was located 100 cm from the front opening of the specimen box. The fabric is placed over the front opening and light transmission readings are measured at the back opening of the specimen box with a Gossen Mavolux digital light meter. The amount of light penetrating the fabric is compared to the amount that passes through the specimen box without fabric at the opening to provide values measured in percentages. The light transmittance of each fabric was measured for a total of three readings.
Water transmittance was measured according to AATCC 42-2000 Water Resistance: Impact Penetration test. Each fabric was clamped to an incline stand with a piece of blotter paper 12 x 25 cm and pre-weighed to the nearest 0.1 gram (g) below it and a funnel with a spray head located 60 cm above. Five hundred milliliters of deionized water was poured through the funnel and on to the fabric below. Some water passed through the fabric and was absorbed by the blotter paper while some water drained due to the incline of the fabric and paper. Afterwards, the blotter paper was re-weighed and the amount of water absorbed by the paper determined.
Tensile testing of the fabrics was performed via ASTM D5035, the cut strip method. Five 2.5 x 15 cm specimens were cut from two of the fabrics for a total of ten specimens tested. Since the fabrics were hand laid, no differentiation was made between machine direction (MD) and cross direction (CD). The Instron set-up previously described was utilized to measure the breaking load and elongation of these fabrics.
The peanut fiber erosion control fabrics were compared with two commercial erosion control fabrics to determine its potential effectiveness. The first fabric evaluated was a loose plain weave jute fabric produced by Indian Valley Industries and illustrated in Figure 5 . There were an average of 4.3 ends per cm in the warp direction with an average warp end count of 41,490 denier (g/9000m). In the filling direction there was an average of 3.0 picks/cm with an average pick count of 17,694 denier.
The second fabric analyzed produced by Fabric Synthetic Industries, and depicted in Figure 6 , consisted of several components. The main component is a coir fiber mat held together with fiber-to-fiber friction. The coir fibers have an average linear density of 312 denier. On either side of the coir mat is an olefin mesh with monofilaments spaced 1.9 cm apart in both the warp and weft directions. The monofilaments have an average denier of 1,083 and are thermally bonded at the crossover points with other filaments. Binding the olefin .7 cm at which point they pass through circular holes in the coir mat and make loops on the back side of the fabric, over the mesh. These loops are interlooped with previous loops and the multifilament yarns pass back through the same hole in the mat to the face and continue to the next hole. The multifilament yarns are spaced 5 cm from each other and prevent the various components from pulling apart during handling and use.
RESULTS AND DISCUSSION
Initial experiments with peanut hulls indicated that fibers long enough for textile applications could be extracted from the hulls. Based on the patent by Bostian [4] , the hulls were milled to obtain a mixture of fibers and hull fragments. Various methods of separating the hull fragments from the fibers were explored with the device explained above providing the best results. However, this method as well as the milling of the fibers was time intensive due to the small scale of the equipment. As a result, only a small amount of fibers were produced, although increasing the scale of the equipment should provide larger yields of fibers. Figure 4 displays a web made from the fibers separated from the fragments utilizing the milling and air separation methods. There are some hull fragments contained in the web, which indicates that full separation of the fibers from the hulls was not achieved.
Average fiber properties are provided in Table 1 , but standard deviations for the various properties were unavailable. Although the average length of the peanut fibers was 3.8 cm, they ranged in length from 0.6 to 6.3 cm. As depicted in Figure  1 , the peanut shell consists of a lattice of fibers below the outer cellulosic layer. The short fibers connecting the longer fibers most likely were crushed into extremely small particles during the milling process, leaving only the longer fibers. The variation in fiber length may be due to the milling process, as it has been observed that the fiber length generally decreased with an increase in milling time. Most likely, the shorter length fibers were bent during the milling process, which caused the fibers to fracture. Although the fibers appear to have a tenacity similar to that of wool, the tenacity and modulus values are misleading [5] . The high average linear density value of 234 g/9000m means that the measured tenacity and modulus values are less than the actual values. The fibers are brittle and tend to fracture when bent into a U shape.
Experiments with the fibers indicated that they could not be carded as they are too stiff to pass through the card. The fibers were successfully wet laid using a Voith-Allis beater and a Williams Standard sheet former. Figure 3 depicts a barb or offshoot along the length of the peanut fiber. It is thought that these barbs may help increase fiber to fiber friction in the web and therefore provide increased fabric strength, and that use of the beater may result in barb removal. To avoid this, the final webs were created manually rather than with the use of the beater. These assumptions will be studied in the future to determine if use of a beater negatively affects the fibers. Due to the small amount of fibers produced, only three webs were produced. The average basis weight of the webs was 389 grams per square meter (g/m 2 ). The air laid method of web production would most likely create a web without damaging the fibers. However, this was not investigated due to the limited amount of fibers available.
Latex bonding was chosen as the web bonding method because it did not require manipulation of the fibers to achieve fabric cohesion. Due to the extreme stiffness of the fibers, attempts at needlepunching the webs were unsuccessful. Blending the peanut fibers with other biodegradable fibers, such as cotton, may provide better needlepunching results, and will be investigated in the future. Airflex100HS was chosen as it is biodegradable latex and the intended end use of this fabric is erosion control, in which biodegradability of the materials is desirable. After bonding the webs had an average basis weight of 554 g/m 2 . The resulting fabric was relatively stiff and would therefore be unwieldy to handle during installation. The cause of the stiffness is partially due to the high modulus of the fibers and the latex, which prevents the fibers from moving relative to each other during flexing of the fabric. However, the thickness of the fabric, 1.25 cm, also contributed to the stiffness of the fabric. A decreased amount of latex on the fabric and a thinner fabric would provide decreased fabric stiffness properties.
To determine if this fabric might be suitable for erosion control purposes it was compared to two commercial erosion control fabrics. Table 2 lists the average physical properties of the three fabrics: basis weight, thickness, light transmitted, and water transmitted. As only three specimens of the peanut fabric were evaluated only the average values are reported for all of the fabrics.
The average basis weight and thickness of the peanut fabrics is greater than both the coir and jute fabrics. While the high basis weight of the jute fabric can be attributed to the large yarns utilized in its construction, the peanut fabrics have a greater basis weight due to their increased thickness, more than twice that of the other fabrics. As a result, the peanut fabric transmits less light and water than the coir and jute fabrics. Most likely, this would result in longer stabilization periods for vegetation to establish itself in areas covered by the peanut fabric. The problems of low light and water transmission can be alleviated through decreasing the basis weight, which would result in fewer fibers per unit area and thus increase the amount of light and water penetrating the fabric. Table 3 contains the breaking loads and strain values of the fabrics. As ten specimens of each fabric type were evaluated, average and standard deviation values are reported.
Although the basis weight of the peanut fabrics is greater, the coir and jute fabrics are much stronger in both machine and cross directions. This can be attributed to the construction of the fabrics. Whereas the peanut fabric consists of fibers bonded together, the coir fabric has a scrim and multifilament yarns to provide strength, while the jute fabric relies on large yarns. If the peanut fabric utilized a scrim similar to that of the coir fabric the strength of the peanut fabric could be increased. However, depending on the scrim, the resulting composite fabric may not be totally biodegradable, which would eliminate the advantage of the peanut fiber fabric. The aim of comparing the peanut fabric to commercial erosion control fabrics was to determine if the peanut fabric might be suitable for use as an erosion control fabric. Evaluation indicates that the peanut fabric is thicker with a greater basis weight, which results in decreased light and water transmission values. Additionally, this fabric is weaker and stiffer than the commercial fabrics. As constructed, the peanut fabric would not be suitable for use as an erosion control material. The stiffness and lack of strength would require extreme attention to handling during installation, while the lower water and light transmission values imply that soil stabilization due to re-growth of vegetation would be slower than with the other fabrics. However, the fabric, as produced consisted of all biodegradable materials, and thus should decompose as vegetation re-establishes, which is the goal of erosion control materials. The one advantage that the fabric may offer compared to current erosion control fabrics is pro- 
CONCLUSIONS
This research demonstrated that fibers suitable for use in nonwovens could be obtained from peanut hulls. A method of separating the fibers from the hulls was created, based on the patent of Bostian. Although this method was successful, it did not result in total separation of the fibers from the hull remnants, and further research is required to refine this approach. The peanut fibers are relatively stiff and thus cannot be processed via carding or needlepunching. However, they can be wet laid into webs, which can then be latex bonded, as the fabrics evaluated were created. The peanut fabrics were compared to commercially produced erosion control fabrics. As produced, the peanut fabrics had a greater basis weight, were thicker, stiffer, weaker, and allowed less water and light to penetrate than the commercial fabrics. However, the peanut fabrics produced were totally biodegradable, and modifications in the peanut fabrics, such as decreased basis weight and blending with other natural fibers may result in a material that can provide the desired flexibility, strength, and light and moisture transmission requirements. Overall, the research demonstrates that peanut fibers can be obtained from the hulls, processed with current nonwovens equipment, and may be useful in certain geotextile applications.
